Intracochlear pressure is calculated from a physiologically based, three-dimensional gerbil cochlea model. Olson ͓J. Acoust. Soc. Am. 103, 3445-3463 ͑1998͒; 110, 349-367 ͑2001͔͒ measured gerbil intracochlear pressure and provided approximations for the following derived quantities: ͑1͒ basilar membrane velocity, ͑2͒ pressure across the organ of Corti, and ͑3͒ partition impedance. The objective of this work is to compare the calculations and measurements for the pressure at points and the derived quantities. The model includes the three-dimensional viscous fluid and the pectinate zone of the elastic orthotropic basilar membrane with dimensional and material property variation along its length. The arrangement of outer hair cell forces within the organ of Corti cytoarchitecture is incorporated by adding the feed-forward approximation to the passive model as done previously. The intracochlear pressure consists of both the compressive fast wave and the slow traveling wave. A Wentzel-Kramers-Brillowin asymptotic and numerical method combined with Fourier series expansions is used to provide an efficient procedure that requires about 1 s to compute the response for a given frequency. Results show reasonably good agreement for the direct pressure and the derived quantities. This confirms the importance of the three-dimensional motion of the fluid for an accurate cochlear model.
I. INTRODUCTION
The cochlea is a snail-shaped, fluid-filled duct which is divided along its longitudinal direction by the compliant basilar membrane ͑BM͒, on which is located the organ of Corti ͑OC͒. The fluid and compliant structures within the cochlea are set in motion in response to sound input at the stapes, and the detection of this motion by inner hair cells initiates hearing through afferent auditory nerve firing transmitted to the auditory brainstem. The pressure difference across the OC is one of the driving forces of the motion of OC, and this motion has been the subject of intracochlear experimentation and cochlear models for analysis. This study is motivated by the measurements of intracochlear pressure ͑Olson, 1998, 2001͒. Pressure near the stapes at scala vestibule ͑SV͒, which is the "input" pressure to the inner ear, and pressure at the scala tympani ͑ST͒ through the round window ͑RW͒ opening was measured from the gerbil cochlea in vivo. Intracochlear pressure at a number of positions spaced by tens of micrometers was measured to obtain the localized pressure and the pressure gradients which indicate fluid motion in the base of the gerbil cochlea.
In this study, the mechanical behavior of the cochlea is simulated with a physiologically-based, three-dimensional ͑3D͒ cochlear model. Results are compared with the experimental data for the best frequency ͓best frequency ͑BF͔͒-toplace map, BM velocity, intracochlear pressure, and quantities derived from the pressure, using the formulas of: ͑1͒ BM velocity, ͑2͒ pressure difference across OC, and ͑3͒ OC impedance.
Numerous cochlear models have been used to explain the biomechanical behavior of the cochlea. Models extend the passive cochlear model with the inclusion of the motion of the OC, particularly the active behavior of the outer hair cells ͑OHCs͒. The simplified one-dimensional model with negative damping by de Boer ͑1983͒ was extended to include nonlinearity in the activity using a quasilinear method ͑Kanis and de Boer, 1996 Higher dimensional active models have also been developed. Two-dimensional finite difference models were constructed by using a feedback law ͑Neely, 1985, 1993͒. Numerically intense 3D finite-element models had been developed with the inclusion of varying details and complexities of the OC ͑Kolston and Ashmore, 1996; Böhnke and Arnold, 1998͒. However, the fluid was modeled as inviscid, which does not require as fine a mesh. Finally, models including the activity in the OC as a feed-forward mechanism which took into account the longitudinal tilt of the OHCs had been developed. Two-dimensional ͑Geisler and Sang, 1995͒ and 3D models with the active feed-forward mechanism has been developed ͑Steele et Steele and Lim, 1999; Lim and Steele, 2002͒. The present study uses the physiologically -based, linear 3D feed-forward model. The model uses a combination of the asymptotic phase integral method that is commonly known as the Wentzel-Kramers-Brillouin ͑WKB͒ method and the fourth-order Runge-Kutta ͑RK4͒ numerical forward integration. This hybrid approach provides significantly a͒ Electronic mail: yongjiny@stanford.edu faster computations than the finite difference or finite element methods and more accuracy than the WKB alone ͑Lim and Steele, 2002͒. The present model is as simple as possible to capture the essential features in the cochlea. Included in the model are the variation of the dimensions and material properties along the cochlear duct, and 3D viscous fluid effects. On the organ of Corti, only one degree of freedom, the flexing of the pectinate zone of the orthotropic BM, is considered. The spiral coiling of the cochlea is also neglected, as it has been shown, in general, to have no significant effects on the model response ͑Loh, 1983; Steele and Zais, 1985͒. The results from this active model successfully demonstrate various aspects of a live cochlea, as observed by in vivo measurements.
II. MATHEMATICAL METHODS
The passive and active cochlear models are presented. First, the passive model with macroscopic features of the cochlea without OHCs motility is described. Next, the feedforward active mechanism of the OHCs from the motion of OC is formulated. Quantities of interest, including the BFto-place map, BM velocity, and intracochlear pressure, were computed with the hybrid method which combines the WKB and RK4 methods. Intracochlear pressure combines the pressure from the compressive fast wave and the slow traveling wave. Finally, the derived quantities from the intracochlear pressure, ͑1͒ BM velocity, ͑2͒ pressure difference across OC, and ͑3͒ OC impedance, are compared with Olson's measurements.
A. Passive model
The physical cochlea consists of a rigid bony housing containing two coiled, fluid-filled ducts, separated by a partition that is composed of rigid and compliant regions. The geometric properties of the ducts and the mechanical properties of the partition vary along the length of the cochlea. The entire system is stimulated when the stapes displaces the cochlear fluid adjacent to the oval window ͑OW͒, which lies at the base of the top fluid duct called scala vestibuli ͑SV͒. The model is based on these physiological features of the cochlea. A schematic drawing with the side, cross section, and top view is shown in Fig. 1 . For simplicity, the duct has been uncoiled and all boundaries made vertical or horizontal.
This model consists of a tapered chamber with rigid walls filled with viscous fluid. The chamber is divided by a cochlear partition into two equal ducts representing scala vestibule and scala tympani ͑ST͒. The two fluid ducts are joined at the apical end of the fluid chamber via a hole representing the helicotrema. The cochlear partition represents a collapsed scala media ͑SM͒ with its structural properties dominated by the pectinate zone of the BM. The pectinate zone of the BM is considered to be an orthotropic plate, in which the Young's modulus in the transverse direction is much greater than that in the longitudinal direction. By including the variations of BM width, thickness, and fiber density, the stiffness of the partition varies in the longitudinal direction.
Two types of waves are set up in such a model, the symmetric and the anti-symmetric pressure waves ͑Peterson and Bogert, 1950͒. The symmetric pressure wave is a fast compression wave with equal pressure on both sides of the partition. The anti-symmetric pressure wave is a slow traveling wave that has pressure of opposite sign acting on the top and bottom of the partition. Consequently, the antisymmetric pressure wave causes a significant displacement of the partition while the symmetric pressure wave does not result in motion of the partition. In the present model, the antisymmetric pressure slow wave is taken into account for the BM motion and the symmetric pressure fast wave is added to the slow traveling wave pressure for the intracochlear pressure calculation.
Due to symmetry present in the model, only one fluid duct needs to be considered in the simulation. Also, taking advantage of its slender nature, the cochlear duct is divided along its length into discrete cross-sectional slices. For each cross section the 3D fluid displacement and pressure fields are computed using a Fourier series expansion. For each cross section, the explicit expressions for the fluid displacements and fluid pressure at the partition are obtained, and these are matched with the plate's displacement and pressure to give an eikonal equation. Solving the eikonal equation FIG. 1 . Schematic drawing of the passive cochlear model geometric layout. Distances are parametrized by the Cartesian coordinates ͕x , y , z͖, which represent the distance from the stapes, the distance across the scala width, and the height above the partition, respectively. ͑a͒ Side, ͑b͒ cross section ͑A-A͒, and ͑c͒ top views of the model. yields the complex wave numbers for each cross section in the cochlear duct. Using the continuity condition for the fluid across the cross-sectional slices, a transport equation is obtained from which the amplitudes of the waves are obtained. The detailed derivations are given in the following.
The fluid displacement vector field u in the ducts is decomposed into divergence of a scalar field ͑irrotational component͒ and the curl of a vector field ͑rotational component͒
The displacement field from satisfies the rigid wall boundary conditions at y =0, y = L 2 , and z = L 3 where the normal fluid displacements are zero. A functional form of that satisfies the above-presented boundary conditions is ͑x,y,z,t͒ = e
where is the frequency, with a Fourier cosine series expansion used in the y direction. ⌽͑x͒ is the amplitude function along the x direction, while the T j ͑x͒ coefficients allow the fluid to match the arbitrary displacement on the BM. The coefficients j ͑x͒, related to the wave-number n by the continuity equation for the incompressible fluid ͑⌬ =0͒, reduces to
where the wave-number n is defined by
Due to the low viscosity of the fluid, the boundary layers are localized such that the boundary layers at the rigid walls have no significant effects on the partition motion. Hence, only the boundary layer at the partition is considered. This is described by the vector field ͑with x, y, and z components, 1 , 2 , and 3 ͒ that assumes the form ͑x,y,z,t͒
͑5͒
Note that vector field describes the rotational component of the fluid displacement field due to viscosity. Here, a harmonic excitation with frequency is applied at the stapes. The coefficients j 1 and j 2 are related to the amplitude ⌽͑x͒ and T j ͑x͒ through no-slip boundary conditions on the cochlear partition where the tangent displacements are also zero.
The Navier-Stokes equation for no body force, incompressibility, and small displacement is
Matching the terms on each side of the equation gives the following:
Equation ͑7a͒ relates the pressure acting on the fluid to the scalar potential and the vorticity Eq. ͑7b͒ gives the condition on the vector field, .
The vorticity equation ͓Eq. ͑7.2͔͒ can be expressed as
where is the dynamic viscosity of the fluid. 
where E ij is the Young's modulus, is Poisson's ratio, and the area moment of inertia I for symmetric layers is I =2͐ h/2−g h/2 2 d, where h is the thickness of the membrane, g is the layer thickness, and is the distance through the thickness. Unlike most mammals, the gerbil BM is not symmetric, but has radial fibers concentrated in a curved tympanic band and a flat band on the OC side in the pectinate zone. Schweitzer et al. ͑1996͒ find that the thickness of the tympanic band correlates with the postnatal maturity of hearing. Since the fiber density for gerbil is not known, the details of the BM mechanics into an effective volume fraction f, consistent with the values from Cabezudo ͑1978͒ for cat, are lumped with I = h 3 / 12. From the plate bending equation ͓Eq. ͑9͔͒, the displacement profile of the partition in harmonic motion is
where W͑x͒ is the amplitude function. The fluid and partition displacements are matched at their interface ͑with W͑x͒ = ⌽͑x͒͒ and the coefficients T j ͑x͒ are determined from this assumed shape function of the displacement. Integrating the pressure across the width and summing up the Fourier harmonics gives the force per unit length in the time domain for the partition and fluid. For the pectinate zone ͑PZ͒ of the partition ͑Lim and Steele, 2002͒,
where
and mass given by
For the fluid
with M f and H f being the effective mass and thickness of the fluid layer over the width of the plate ͑Lim and Steele, 2002͒. Taking into account the asymmetric fluid pressure from the two fluid ducts ͑SV and ST͒, and matching the coefficients of stresses in Eqs. ͑12͒ and ͑15͒ give
Equation ͑17͒ represents the eikonal equation for the passive model, and it provides a physically consistent and systematic reduction of the 3D model to a one-dimensional formulation in spatial coordinates. The stiffness and mass quantities are reminiscent of those used in lumped parameter models, but these are derived from the physics, and there are no free parameters except for the exact value of volume fraction f and the effective thickness h that are selected for the frequency-to-place map.
B. Feed-forward active model
The active elements in the cochlea are presumed as the OHCs which act like piezoelectric actuators that push on the BM partition to improve the cochlea's sensitivity and frequency selectivity. In this model, the force applied by the OHCs on the BM partition is assumed to be proportional to the total force acting on the BM. Equation ͑17͒ states the total force acting on the ͑PZ͒ results from the fluid force difference across the two scalae. To include forces resulting from the OHCs' motility, an effective OHC force on the BM, F BM C , is added to Eq. ͑17͒:
The OHC force acting at x + ⌬ is proportional to the BM displacement sensed at x by the effect of the OHC longitudinal tilt shown in Fig. 2 :
where ␣ is the feed-forward gain factor and ⌬ is the longitudinal distance between the apex and base of the OHC. This depends on the length of the OHC ͑l OHC ͒ and angle to the longitudinal direction ͑͒,
Combining Eqs. ͑18͒ and ͑19͒ provides a relation that enters the eikonal equation for the feed-forward active model ͑Lim and Steele, 2002͒.
C. BM displacement and intracochlear pressure

BM displacement
Each individual equation from Eq. ͑17͒ or Eq. ͑18͒ gives an eikonal equation from which the complex wave numbers can be obtained by Newton-Raphson iterative scheme. In the present formulation, positive and negative real parts correspond to forward and backward propagating waves, respectively. The amplitude of the propagating wave can be obtained from the transport equations which are obtained by considering the volume integral over a thin slice of the duct's cross section with differential volume ␦V = L 2 L 3 ␦x, ͐ ␦V ⌬dV = 0 and the transport equation is then reduced to an ODE in x in the form of the well-known reduced wave equation
in which n͑x͒ is the local wave numbers, determined by solving the 3D fluid equations for each cross section. The dependent variable G͑x͒ provides the potential ⌽͑x͒ for the fluid,
where T 0 ͑x͒ is the Fourier coefficient for zeroth component of scalar potential for fluid displacement and L 3 is the height of the fluid chamber. The function G͑x͒ is obtained using a combination of the WKB asymptotic method in the short wavelength region ͑n is large͒ and the RK4 forward integration in the long wavelength region ͑n is small͒. The boundary conditions of matching the volume displacement at the stapes and zero pressure at the helicotrema are satisfied.
Intracochlear pressure
The pressure field in the real cochlea is a summation of two components. The first component is the traveling pressure wave where the fluid displacement is antisymmetric about the partition. The second component is a compressive wave where the fluid displacement is symmetric. The two pressure wave components are needed to satisfy simultaneous boundary conditions located at the OW and RW. a. Pressure from the slow traveling wave For a harmonic excitation with a frequency , the fluid pressure throughout the cochlear duct associated with the slow traveling wave follows from the functional form of the scalar potential for the fluid displacement that satisfies boundary conditions and the pressure acting on the fluid ͓Eqs. ͑2͒ and ͑7a͒ respectively͔:
Pressure from the compressive fast wave The equilibrium and continuity equations are one dimensional for the fast wave acoustics subject to time-harmonic displacements as follows:
where p c is the fluid pressure associated with the compressive fast wave, u is the fluid displacement in the x direction, q is the fluid flux, and A is the cross-sectional area of the ducts. Combining Eqs. ͑24͒ and ͑25͒ yields the first-order system of differential equations:
͑26͒
c. Intracochlear pressure from the combined waves. The total intracochlear pressure ͑p total ͒ is obtained by the summation of the pressure field from the slow traveling wave ͑p t ͒ and the pressure field from the compressive wave ͑p c ͒. The boundary conditions of zero total pressure at the RW and the prescribed total pressure ͑p stapes ͒ at the stapes yield
where two unknown coefficients a t and a c are determined by these two boundary conditions,
with x rw and x ow representing the RW and OW coordinates, respectively.
III. RESULTS
The cochlear model is used to calculate the response of a gerbil cochlea. The material property values in Table I were taken from a number of sources ͑Smith, 1968; Lim, 1980; Miller, 1985; Steele et al., 1995; Karavitaki, 2002͒ and the dimensions in Table II were from the anatomical measurements for gerbil cochlea ͑Sokolich et al., 1976; Greenwood, 1990; Dannhof et al., 1991; Cohen et al., 1992; Edge et al., 1998; Thorne et al., 1999͒. The model is meshed into 1200 sections along the 12 mm length of the gerbil cochlea. Forty terms are used in the Fourier expansion across the width of the scala. Calculation with 80 terms for the Fourier expansion shows no difference from 40 terms. Running on an Intel Pentium IX ͑3.40 GHz͒ processor, the average time taken for a single harmonic excitation calculation is about 1 s. This method provides a fast and efficient solution compared to a full-scale finite element model. Note that the computation time indicated by Parthasarathi et al. ͑2000͒ is measured in hours of computing time for the linear solution for a single frequency.
The results include BF-to-place map, BM frequency response, intracochlear pressure, and derived quantities from the intracochlear pressure defined by Olson ͑1998͒; ͑1͒ BM velocity, ͑2͒ pressure difference across OC, and ͑3͒ OC impedance. The modeling results are compared with in vivo measurements ͑Olson 1998, 2001͒.
A. BF-to-place map
The calculation for BF versus location along the gerbil cochlear ͑BF range: 0.3-50 kHz͒ is shown in Fig. 3 with the gerbil BF-to-place map ͑Sokolich et al., 1976; Greenwood, 1990͒ that was constructed from cochlear-microphonic recording. The BF-to-place map from the passive model and measurement are in excellent agreement ͑Fig. 3͒. The dashed-dot line represents the BF-to-place map for the feedforward active model with 0.15 gain factor. Near the stapes ͑0 -4 mm from the stapes͒, the active model shows approximately 1 / 2 octave higher BF, whereas there is no BF shift near the helicotrema region. Due to the lower wave number for low frequency, the feed-forward gain from the active model is less in the apical region.
B. Frequency response of BM velocity
The gerbil cochlear BM velocity magnitude and phase for 4.2 mm from the base ͑BF= 9.5 kHz͒ relative to the stapes displacement are computed over a range of excitation frequencies up to 20 kHz ͓Figs. 4͑a͒ and 4͑b͔͒. Results from the model are compared with the gerbil measurements ͑Ren and Nuttall, 2001͒. The passive model shows quantitatively very good agreement with motion measured at a high stimulus level ͑100 dB SPL at the ear canal͒ in magnitude ͓Fig. 4͑a͔͒.
Karavitaki ͑2002͒ evaluated the angle of tilt of gerbil OHC ͑͒ to be approximately 84°, which is close to being perpendicular to the basilar membrane ͑Fig. 2͒. The gain from OHCs is calculated for two cases; a nominal mammalian value of = 60°and = 80°. The active model shows fairly good agreement with data at low stimulus level ͑30 dB SPL at the ear canal͒ with 30 dB gain for either = 60°with feed-forward gain factor ␣ = 0.15 ͓dashed line in Fig. 4͑a͔͒ or = 80°with forward gain factor ␣ = 0.28 ͓dotted line in Fig.  4͑a͔͒ . Thus only a slightly higher gain, still in the physiologically reasonable range, is needed even when the OHC is nearly perpendicular to the BM.
In the relative BM velocity magnitude plot ͓Fig. 4͑a͔͒, BF place shifts from 9.5 kHz ͑passive model͒ to 15 kHz ͑ac-tive model͒, which is 3 / 5 octave higher. In the animal measurement BF is also near 9.5 kHz for the high level passive case. For the low level active case, BF place shifts to about 13 kHz, which is only about 2 / 5 octave higher. So the model appears to overestimate the BF for the active case.
In the model, the phase is normalized to the volume flow rate at x = 0, as the stapes is assumed to be a piston at the end of the fluid chamber. As shown in Fig. 4͑b͒ , the phase of the response obtained from the model shows 2.5 cycles larger roll-off with frequency than the experimental measurements. In the region of the low frequency input, below 4 kHz, the BM velocity phases both from the model and measurement are similar. However, after 4 kHz, the phase of BM velocity from the model shows a larger roll-off than the phase from the data, which corresponds to a higher wave number in the model above 4 kHz. It is well known that the phase excursion to the best place is about 1.5-2 cycles, over a wide range of the cochlea ͑Ren and Nuttall, 2001; Overstreet et al., 2002͒ . Too much phase excursion in the present model may come from the unique shape of the basilar membrane in the gerbil cochlea that is not taken into account. Another possible problem is that the actual position of the stapes in the cochlea extends over a small portion of the basal end of the scala vestibuli which may result in this discrepancy in the phase. The phase calculated at 2.8 mm from the stapes ͓BF of 15 kHz for the passive case, dashed-dot line in Fig. 4͑b͔͒ is very close to the measurements.
C. Intracochlear pressure
The frequency response of the intracochlear pressure from the gerbil model is presented. First, the intracochlear pressure only from the slow wave is calculated for four different locations away from the BM. Next, intracochlear pressure from the combined slow and fast waves is calculated at two different locations which are 1.4 and 2.6 mm from the stapes. These intracochlear pressure simulations for the gerbil model very close to the stapes ͑1.4 mm from the stapes͒ show good agreement both in magnitude and phase with the in vivo measurements ͑Olson, 1998͒, whereas simulation results at 2.6 mm from the stapes shows one cycle more phase excursion at BF location than in vivo measurements ͑Olson, 2001͒.
Slow wave intracochlear pressure
Intracochlear pressure due to the motion of BM from the slow traveling wave is obtained from Eq. ͑23͒. Fig. 5 gives the pressure distribution in the SV in the section at 1.4 mm from the stapes ͑BF= 26 kHz͒. The pressure decreases exponentially with distance from the BM. It is also clear that the pressure depends strongly on the transverse direction to the fluid motion, and is fully three dimensional. This confirms the results first given by Steele and Taber ͑1979, Fig. 10͒ . Intracochlear pressure from the 3D cochlear model shows good agreement with measurements ͑Olson, 1998͒ both in magnitude and phase. Around the BF region, the intracochlear pressure magnitude at 3 m away from the BM is 5 dB larger than magnitude at 23 m away from the BM both in the model and measurement. Several distinct peaks and valleys after the peak region ͑30-40 kHz͒ are evident in Fig. 6͑a͒ . These peaks and valleys are from constructive and destructive interference between the slow and fast wave pressure. However, these are not clearly seen in the data ͑Olson, 1998͒. This difference between data and model results may come from ͑i͒ the intracochlear pressure calculated at one point compared to the experiment of pressure averaged from the region of the transducer, or ͑ii͒ the inadequate frequency sampling in the measurement since more peaks and valleys are found in the most recent intracochlear pressure measurements ͑Dong and Olson, 2007͒. Intracochlear pressure from the model also shows a transition from the slow wave to the compressive fast wave after the BF region which is observed in the measurements. In Fig. 6͑a͒ , intracochlear pressure in the model shows that the traveling wave is dominant from the low frequency to the BF region. However, after this BF region, the traveling wave on the BM disappears and the fast acoustic wave becomes the dominant wave as is evident by the approximately constant pressure.
In Fig. 6͑b͒ , the pressure phase remains near zero until the frequency exceeds 25 kHz, when the phase changes rapidly. The decrease in phase is characteristic of the traveling wave component of the pressure field, whereas the phase plateau is characteristic of the fast compressive wave. Intracochlear pressure phase from the model at 3 m away from the BM shows a larger phase accumulation than the measurement because of more oscillation in the model after the peak region ͓Fig. 6͑a͒, solid line, 30-40 kHz͔.
b. Combined intraochlear pressure at 2.6 mm from the stapes (active case). Intracochlear pressures for the passive and active case at 2.6 mm from the stapes ͑BF= 15 kHz͒ and 22 m away from the BM are shown in Figs. 6͑c͒ and 6͑d͒. Model results are compared with Olson's ͑2001͒ experimental data of expt. 9-8-98-I-usual. Active model results are calculated at a low stimulus level ͑50 dB SPL at the ear canal͒; = 60°͑OHC angle͒, ␣ = 0.15 which was used in the Sec. III B. In the magnitude ͓Fig. 6͑c͔͒, the model results and measurement data show good agreement in ͑i͒ nonlinearity with 10 dB gain from the OHCs and ͑ii͒ 2 / 3 octave BF shift in the active case, whereas model shows more peaks and valley than data. In this case, simulation shows 20 dB less gain than BM velocity. This smaller gain in the intracochlear pressure than BM velocity is indication that the organ of Corti is supplying additional force to the BM. Also, this im- plies that the gain from OHCs can be measured more clearly from the BM velocity than intracochlear pressure measurement.
From Fig. 6͑d͒ , the model shows approximately one cycle more phase excursion at the BF position than the measurement. The phase difference at the BF for the three different locations are: 0 cycle, 1 cycles, and 2.5 cycles at 1.4 mm ͑Olson, 1998͒, 2.6 mm ͑Olson, 2001͒, and 4.2 mm ͑Ren and Nuttall, 2001͒ from the stapes, respectively. The model shows more phase excursion than measurement with increasing distance from the stapes. These results indicate that the phase difference between model and measurement accumulates with increasing distance from the stapes. These phase excursion issues in the model may be resolved by a more advanced model.
In the following derived quantities analysis, intracochlear pressure both at 1.4 and 2.6 mm from the stapes are used. Especially, intracochlear pressure for the low stimulus level ͑40 dB at the ear canal͒ at 1.4 mm from the stapes ͑Olson, 1998͒ can be considered as nearly passive since the condition of the cochlea was not optimal. However, there is still a small gain in the low stimulus level in the measurement. Thus, a small gain factor ͑␣ = 0.05͒ is used for this case. Since the intracochlear pressure simulation at 1.4 mm from the stapes shows the best agreement both in the phase and magnitude with data, the simulation results at 1.4 mm from the stapes are used for the analysis of exact theoretical OC impedance.
D. Derived quantities from the intracochlear pressure
Olson ͑1998͒ developed formulas in terms of the measured intracochlear pressure as approximations for the BM velocity, the pressure difference across the OC, and the OC impedance ͑Z OC ͒. Since the results from the pressure differences show interesting behavior, the calculation using Olson's formulas and Olson's results are compared directly. Finally, the exact theoretical OC impedance from the model for the passive and active cases is calculated and compared to the result of the difference formula for the estimated theoretical OC impedance.
In this section, quantities derived from the intracochlear pressure as defined by Olson ͑1998͒ are calculated and compared with measurement ͑Olson, 1998, 2001͒. These are ͑1͒ BM velocity, ͑2͒ pressure difference across OC, and ͑3͒ OC impedance. The derivation was presented in a previous study and derived results in this section are based on that study ͑Olson, 1998͒.
Derived quantities are estimated from a pair of adjacent ST intracochlear pressures, which are 15 m ͑P a ͒ and 20 m ͑P b ͒ from the BM ͑Fig. 7͒. The difference between these two adjacent intracochlear pressures is used to estimate the vertical ͑z͒ component of the intracochlear pressure gradient. First, the BM velocity ͑v BM ͒ is found from this intracochlear pressure gradient. Based on the estimation that close to the BM the fluid moves with BM, v BM is considered to be this fluid velocity. From the dimensional analysis, the Navier-Stokes equation in an incompressible fluid is simplified as
For the z component,
By assuming v BM = v z for a harmonic response,
was given by Olson for the calculation of v BM from the intracochlear pressure measurements. Second, the pressure difference across OC ͑⌬P OC ͒ is obtained by assuming zero pressure at the round window ͑Olson, 1998͒,
where P sv is the intracochlear pressure near the stapes at 500 m from the BM in the scala vestibule. Finally, the OC impedance ͑Z OC ͒ is defined as
Derived quantities from the gerbil cochlear model are compared with results of expt. 2-26 ͑Olson, 1998͒ for the passive case and expt. 9-8-98-I-usual ͑Olson, 2001͒ for the more active case.
Derived BM velocity
Numerous measurements of basal BM velocity, v BM , have been conducted, and the frequency domain response has been studied under various physiological conditions ͑Khanna and Loenard, 1986; Rhode, 1992a, 1992b; Xue et al., 1995; Nuttall and Dolan, 1996; Ruggero et al., 1996 Ruggero et al., , 1997 Overstreet et al., 2002͒ . Derived v BM from animal intracochlear pressure measurements ͑2-26͒ from Olson ͑1998͒ represented a similar response to the v BM measured by direct measurement methods by Xue et al. ͑1995͒ . Figure 8͑a͒ displays the magnitude of the v BM from the model and Olson's 1998 expt. 2-26 measurement. Figure  8͑b͒ shows the v BM phase relative to SV pressure. Stimulus levels were 80 and 40 dB SPL in the ear canal for the measurements, which corresponds to 110 dB and 70 dB SPL at the stapes for the model with the consideration of 30 dB gain from the middle ear ossicles ͑Olson, 1998͒. For a moderate OHCs' motility force on the BM, the active model with 0.05 gain factor is used in the calculation of the low level stimulus ͑40 dB SPL at the ear canal͒. The derived v BM from the model at 1.4 mm from the stapes shows excellent agreement with the experimental results both in the magnitude ͓Fig. 8͑a͔͒ and phase ͓Fig. 8͑b͔͒: ͑i͒ their peaked shape, ͑ii͒ maximum peak region, ͑iii͒ the absolute value of maxima, ͑iv͒ dropping off rapidly after the peak in the v BM magnitude, and ͑v͒ decreasing phase with increasing frequency at a steadily increasing rate above about 8 kHz.
Figures 8͑c͒ and 8͑d͒ show magnitude and phase of the v BM from the model and Olson's 2001 expt. 9-8-98-I-usual measurement. For the passive case, derived BM velocity at 2.6 mm from the stapes shows good agreement with measurement up to 25 kHz. The measurement shows plateau after 25 kHz, which is not observed in the model both in the passive and active cases. However, this is expected because the fast wave should be canceled out in the calculation of derived BM velocity ͓Eq. ͑32͔͒. For the low level stimulus ͑40 dB SPL at the ear canal͒, the active model with = 60°͑ OHC angle͒ and ␣ = 0.15 is used. Derived BM velocity for the active case shows good agreement with measurement up to BF region. After the BF region, the derived BM velocity magnitude from the active model shows less decrease than the data. The active case simulation also shows no plateau after 25 kHz for the same reason mentioned earlier. Phase of derived BM velocity at 2.6 mm from the stapes shows approximately one cycle more phase excursion than data. The reasons for this are not clear at this point and need to be resolved.
Derived pressure across OC
The derived pressure difference across OC ͑⌬P OC ͒ simulation and experimental results both in the magnitude and phase are shown in Fig. 9 . For the calculation of ⌬P OC , P sv −2P a from the current symmetric cochlear model is used ͓Eq. ͑33͔͒. P a is obtained at the position of 15 m from the BM in the ST. ⌬P OC values from the model are calculated and compared with measurements by Olson ͑1998, 2001͒.
⌬P OC magnitude at 1.4 mm from the stapes ͓Fig. 9͑a͔͒ shows ͑i͒ a mild peak around the BF region, ͑ii͒ notches, and ͑iii͒ small value in the 0 -15 kHz region due to long wave. Long wave has small BM velocity value in the z direction, which induces the small pressure difference across organ of Corti. On the other hand, in the BF region which provides better measurement condition than other frequency region, simulation results show good agreement with measurement.
The estimated ⌬P OC magnitude from the model shows decrease from the BF region to 40-45 kHz whereas ⌬P OC from the measurements remains fairly flat. Above the 45 kHz region where the fast wave dominates, simulation results of the estimated ⌬P OC shows the plateau which comes from the fast wave in the estimation of ⌬P OC ͓Fig. 9͑a͔͒. In Fig. 9͑b͒ , the phase is shown relative to the SV pressure. Since the SV pressure is much greater than the ST pressure at low frequencies, the phase is close to zero. Between 20 and 30 kHz, the phase accumulates almost 400°. Similar to ST pressure, the derived ⌬P OC is composed of the sum of a fast and slow wave ͓Eq. ͑33͔͒. However, for the exact calculation of ⌬P OC , the fast wave component should be canceled out since the magnitudes of the pressure from the fast wave in SV and ST at the same x position are equal.
⌬P OC at 2.6 mm from the stapes is calculated and compared with measurements ͑Olson, 2001͒ for the high and low level stimulus which correspond to the passive and active case, respectively. In Fig. 9͑c͒ , both simulation and measurement for the passive case ͑85 dB SPL at the ear canal͒ show ͑i͒ a mild peak near the BF ͑15 kHz͒ region, ͑ii͒ drop after this region about 15 dB, and ͑iii͒ plateau after 23 kHz which is from the fast wave. More peaks and valleys in the simulation of ⌬P OC than measurements are still observed. Simulation of ⌬P OC magnitude for the low level stimulus ͑45 dB SPL at the ear canal͒ shows ͑i͒ a peak at 19 kHz with 10 dB gain from the feed-forward mechanism, ͑ii͒ less sharp tuning than data near the BF region, ͑iii͒ plateau after 30 kHz which is one octave higher than measurement, and ͑iv͒ 2 / 3 octave BF shift in active case. ⌬P OC phases relative 2-26 at the stimulus levels of 40 and 80 dB SPL at the ear canal. ͑c͒ Derived BM velocity magnitude and ͑d͒ corresponding phase at 2.6 mm from the stapes ͑BF= 15 kHz͒ for the passive ͑85 dB SPL͒ and active case ͑45 dB SPL͒. Data are from Olson ͑2001, Figs. 15͑a͒ and 15͑b͔͒ expt. 9-8-98-I-usual. to the SV pressure are calculated and compared with measurements for the passive and active case ͓Fig. 9͑d͔͒. Near the BF reason, phases show one cycle more excursion than measurements both in the active and passive case.
Derived OC impedance
Olson ͑1998͒ estimated the specific acoustic impedance of the OC ͑Z OC ͒ which is defined as ⌬P OC divided by v BM ͓Eq. ͑34͔͒. The same approach in the gerbil model is conducted to allow quantitative comparison with Olson's Z OC estimation. First, the derived Z OC is studied by comparing the gerbil model to measurements. Next, the exact value of Z OC is compared with the derived Z OC . Last, the values of Z OC of the passive and active models are discussed based on the exact calculations.
The magnitude ͓Fig. 10͑a͔͒ and phase ͓Fig. 10͑b͔͒ of the Z OC is shown for the gerbil model and 2-26 animal measurements which were obtained near the stapes ͑Olson, 1998͒. The model results show good qualitative and quantitative agreement with measurements: ͑i͒ a tuning to frequencies between 22 and 26 kHz, ͑ii͒ a primary minimum ͓5 Pa/͑mm/ s͔͒ at 24 kHz, with secondary minimum close to half an octave above at 32 kHz, ͑iii͒ constant slope of the magnitude in the low frequency region ͑−6 dB/oct͒ which represents stiffness dominated impedance, and ͑iv͒ phase fluctuation after the BF.
The estimated real and imaginary part of Z OC for the passive and active case at 2.6 mm from the stapes are calculated and compared with Olson's 2001 9-8-98 measurements ͓Figs. 10͑c͒ and 10͑d͔͒. The real part of estimated Z OC from the model stays near zero values ͓±10 Pa/ ͑mm/ s͔͒ and the imaginary part of estimated Z OC stays at a negative value over the whole frequency range ͑5-25 kHz͒. This shows that the estimated Z OC phases for the passive and active model stay near −90°͑stiffness dominated region͒. Magnitude of Z OC can be calculated ͑not shown͒. Measured Z OC magnitudes decrease up to 20 kHz then increase after 20 kHz in both the active and passive cases. On the other hand, magnitude from the passive model decreases by −15 dB/ oct up to 13 kHz and increases after 23 kHz whereas magnitude FIG. 9 . Derived pressure across the OC complex, ⌬P OC , from the gerbil cochlear model and measurements, using the formulas in Olson ͓1998, Appendix 2, Eq. ͑A10͔͒. ͑a͒ Magnitude. ͑b͒ Phase relative to SV pressure at 1.4 mm from the stapes ͑BF= 26 kHz͒. Data are from Olson ͑1998, Fig. 19͒ expt. 2-26 at the stimulus levels of 40 and 80 dB SPL at the ear canal. ͑c͒ Derived ⌬P OC magnitude and ͑d͒ corresponding phase at 2.6 mm from the stapes ͑BF= 15 kHz͒ for the passive ͑85 dB SPL͒ and active case ͑45 dB SPL͒. Data are from Olson ͓2001, Figs. 15͑a͒ and 15͑c͔͒ expt. 9-8-98-I-usual. from the active model decreases over the whole frequency ͑5-25 kHz͒ with different decreasing rate: −15 dB/ oct ͑5-13 kHz͒ and −3 dB/ oct ͑13-25 kHz͒.
The impedance phase of a classical mechanical resonance begins at −90°͑stiffness dominated region͒ at low frequencies, then increase through 0°at the resonance frequency, and ends up at +90°͑mass dominated region͒. The phase of gerbil model stays near −90°up to 10 kHz, which indicates stiffness dominated response whereas measurement impedance phase shows a more complicated value which is considered as a combination of stiffness and damping. Most notably, in the phase results at 1.4 mm from the stapes ͓Fig. 10͑b͔͒, the derived Z OC phase of the passive model and measurement ͑80 dB SPL͒ appears beyond the region between +90°and −90°; this indicates that the real part of the impedance is negative. Since the passive system always has positive real components of impedance, the Z OC phase for the passive model and measurement ͑80 dB SPL͒ should stay between +90°and −90°. This discrepancy may come from the estimation approach, thus it can be resolved by finding the exact Z OC from the model.
Comparison between estimated and exact theoretical OC impedance
Near the stapes ͑1.4 mm from the stapes͒, the physiologically based three-dimensional gerbil cochlear model shows the best agreement with measured derived quantities. With this approach, exact theoretical value of those quantities can be studied at this location. In this section, the difference between exact and estimated theoretical OC impedance is discussed.
The derived ⌬P OC includes the compressive fast wave because it is estimated by P sv −2P st which contains the fast wave component. This fast wave in the derived ⌬P OC causes deep notches in the Z OC magnitude ͓Fig. 10͑a͔͒ and Z OC phase fluctuation ͓Fig. 10͑b͔͒. However, the fast wave component should be canceled out in the exact ⌬P OC which is calculated from ͉P sv -P st ͉ z=0 .
In Fig. 11 , the exact and estimated theoretical Z OC are shown. Magnitude ͓Fig. 11͑a͔͒ and phase ͓Fig. 11͑b͔͒ of the exact and estimated theoretical Z OC for the passive case are compared. The exact theoretical Z OC was obtained from the ͉v BM ͉ z=0 and ͉⌬P OC ͉ z=0 . The exact theoretical Z OC shows: ͑i͒ smooth decrease with almost constant slope in the whole frequency region ͑−6 dB/ oct͒ which represents stiffness dominated impedance, ͑ii͒ lower magnitude than estimated theoretical Z OC except for the BF region, and ͑iii͒ the expected phase between −45°and −90°. The magnitude of the exact theoretical Z OC decreases smoothly with increasing frequency without the fast wave mode ͓Fig. 11͑a͔͒. Less exact theoretical Z OC magnitude implies that larger v BM and/or smaller ⌬P OC in the real case than derived theoretical quantities.
The exact theoretical Z OC phase decrease from −50°at the low frequency region to −85°at the high frequency region. This corresponds to OC impedance that becomes more stiffness dominated near the BF. Also, the exact theoretical Z OC phase remains between −90°and 90°, which represents passive mechanics ͓Fig. 11͑b͔͒.
Comparison between exact theoretical passive and active OC impedance
In Fig. 12 , the magnitude ͓Fig. 12͑a͔͒ and the phase ͓Fig. 12͑b͔͒ of the exact theoretical Z OC are shown for the passive and active cases. The active model ͑ = 60°, ␣ = 0.15͒ has a lower Z OC magnitude than the passive case in Fig. 12͑a͒ . This difference is due to the lower slow wave pressure gain than BM velocity gain, as was discussed in Sec. III C 2. An octave or more below BF, in the tailfrequency region, the active model shows more compliance than the passive model with a magnitude difference of 2 dB. Similar differences were observed due to medial efferent activation on auditory-nerve responses in tail-frequency region by Stankovic and Guinan ͑1999, 2000͒. In Fig. 12͑b͒ , the phase of the exact theoretical Z OC from the active model is below −90°in the BF region where that of the passive model is above −90°. Below −90°phase represents negative real component of the OC impedance which is from the force acting on the BM due to OHCs motility.
IV. DISCUSSION
The measurements of gerbil intracochlear pressure ͑Ol-son, 1998, 2001͒ offer an excellent opportunity to test model calculations. Presently, the macromechanical cochlear model for the chinchilla anatomy ͑Yoon et al., 2006͒ is extended to the gerbil anatomy. The BM properties are physical, with orthotropic elastic properties and no fictitious mass or damping.
The comparison of results from the model and experiment is promising, but not fully satisfactory. Using the single set of anatomically based parameters, the model predicts several significant features of the cochlea. The BF-to-place map in the passive model and frequency responses of BM velocity and intracochlear pressure were in close agreement with those observed in animal measurement. The feed-forward linear active model, the most speculative feature of the framework presented, showed excellent agreement with experimental data in the BM relative velocity and intracochlear pressure magnitude. However, the calculated phases for the BM velocity and intracochlear pressure show a larger excursion at the BF by 2.5 cycles and 1 cycle at a fixed point; x = 4.2 mm and x = 2.6 mm, respectively. In contrast, the calculated amplitude and phase show excellent agreement for the fixed point ͑x = 1.4 mm͒. This phase excursion issue in the current model should be improved. Preliminary results from the most recent model which has a modified BM plate and push-pull mechanism for the organ of Corti may provide better results in the large phase excursion phenomenon.
By virtue of the 3D cochlear model, intracochlear pressure in the ST was obtained by adding the fast wave to the traveling pressure slow wave. From the intracochlear pressure simulation, derived quantities: ͑1͒ BM velocity, ͑2͒ pressure difference across OC, and ͑3͒ OC impedance in the base, were calculated by following Olson's estimation ͑1998͒. These quantities were compared with animal measurements and showed excellent agreement. From the validated gerbil cochlear model, the exact theoretical OC impedance was obtained and compared with the estimated theoretical OC impedance. By comparing exact and estimated theoretical OC impedances, a fast wave component in the estimated theoretical OC impedance is found and it causes phase fluctuation out of the reasonable range ͑nega-tive real part of impedance in the passive response͒ and notches in the estimated theoretical OC impedance. Finally, the exact theoretical OC impedances for the passive and active model were compared in the magnitude and phase. The exact theoretical OC impedance from the active model shows negative real components which represents active process from the OHCs' motility.
An important consideration of the feed-forward active mechanism is that BM impedance for the active case is 2 dB less than for the passive case below BF in the tail region. Near BF, the change in impedance is due to an apical shift in resonance for the low-level active case, but the magnitude and phase change is also small ͑Fig. 12͒. This indicates that the zero crossings of the time domain response for the high level passive case and the low level active case will be nearly invariant. This suggests that force generation by OHCs in the feed-forward formalism satisfies the near-invariance of fine time structure of the organ of Corti response predicted by Shera ͑2001͒. Further calculations of the model in the time domain will provide a more definitive test.
V. CONCLUSION
In the current work, the pressure in the cochlear fluid computed from the model is found to agree with the intracochlear pressure measurements ͑Olson, 1998, 2001͒. This gives support to our proposition that the present model is close to the actual behavior of the gerbil cochlea, and that the remaining discrepancies can be resolved. Extension of the cochlear model can be achieved by including more detailed structures of the OC to the current model ͑Steele and Puria, 2005͒. 
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